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Antibodies spccilic l’or xylosc-comaining plant complex Winked glycans arc used for indirccr immunolocalization ofxylosyhransferasc in sycamore 
c&s. The USC of high prcssurc freezing and frcczc substitution ior sample preparation rcsultcd in very good morphological preservation of the 
difrcrcnl Golgi cistcrnac. Xylosyhransfcrasc showsa dirfusc distribution all over the Golgi stacks and xylosylalion appears IO bc an early processing 
cvcnt that is initiated in the cis Golgi compartment’. 
Xylosyhransfcrasc immunolocalization: Plant glycopro~cin biosynthesis; Plan1 glycosyhransf?rasc; Plant Golgi apparalus 
1. INTRODUCTION 
Plant glycoprotein N-linked oligosaccharides are se- 
quentially processed from oligomannose-type to com- 
plex-type during their intracellular transport through 
the secretory pathway giving rise to a large variety of 
mature oligosaccharide sidechains [l-3]. The sequence 
of events by which complex glycans are built is not as 
well known in plant cells as it is in animal cells. In 
animal cells, complex-type oligosaccharides are main!y 
processed in the Golgi apparatus by a sequence of 
events following from cis to medial to troths cisternae 
WI. 
The substrate specificities of Golgi processing en- 
zymes responsible for complex glycan biosynthesis have 
been described in several plant systems [6,7] and a num- 
ber of overlapping sequences are possible for terminal 
glycosylation of plant complex glycans on the basis of 
their specificities. Consequently, a subcellular localiza- 
tion of these processing enzymes would be necessary for 
the definition of the sequential glycnn processing events 
in plant cells. Unfortunately, fractionation of plant 
Golgi membranes by density gradient centrifugation 
has shown that the compartmentation of enzymes in- 
volved in glycoprotein oligosaccharide processing was 
not as clear as in animal cells i&8]. 
Complex oligosaccharides of plant glycoproteins 
A/t/ttwirtriwts: GlcNAc. N-acclylglucosaminc; Man, mannosc; Xyl, 
xylosc; Fuc, L-fucose; Gal. galactosc; RER, roughcndoplasmic reticu- 
lum; TGS, watts Golgi nclwork. 
Currcspmrrr/mv urfchw: L. Fayc, Laboratoirc des Transports In- 
traccllulnircs, CNRS - UA 203, UnivcrsilC de Roucn, Facultb dcs 
Scicnccs, F-7B134 Mont Saint Aignan, France. 
often differ from those of mammals in that they (i) lack 
sialic acid, (ii) have an L-fucose residue al -3 linked to 
the N-acetylglucosamine residue at the reducing end of 
the asparagine-linked chitobiose unit, and (iii) have a 
xylose attached bl+:! to the B-linked mannose. In the 
present paper, we have used immunocytochemical label- 
ing to study the compartmentation in the Golgi appar- 
tus of the plant-specific xylosyltransferase. Using anti- 
bodies specific for xylose-containing plant complex gly- 
cans [9,10]. we have visualized the subcellular distribu- 
tion of glycoproteins harboring these complex glycans 
in high-pressure frozen and freeze-substituted sycamore 
cells. Although this immunochemical approach only in- 
directly localizes a glycosyltransferase by mapping its 
oligosaccharide products, our results are entirely con- 
sistent with the conclusion that xylosyltransferase in 
sycamore cells has a diffuse distribution all over the 
Golgi stacks, including the cis Golgi cisternae. 
2. MATERIALS AND METHODS 
Sycamore suspcnsioa-cultured cells (Accr pseudopluruttrts) were 
grown in a M6PT medium [I I] or in the medium oT Lampon as 
modilicd by Lcscurc [I!]. An immune serum specific for xylosc-con- 
laining plant complex &cans was raised in rabbits by injrrting carrot 
cell wall ,Nruciosidasc [ 131. Before its use for immunolabcling. this 
immune strum was rurther purilied on a phospholipasc AZ-Sepharosc 
column IO remove L-fucose-specific antibodies from a serum which 
was largely anti-xylosc. Protoplasts wcrc prepared from sycamore cells 
as dcscribcd in [14]. Cuhure medium, ccl1 wall and protoplast extracts 
wcrc prcparcd from sycamore ccl1 cuhurcs according to [l5]. 
2.2. SDS-PA GE, ~t~itrof/~recrifttf a rd ittititutrod~lccliott 
Polypcptidcs wcrc scparatcd by SDS-PAGE according IO Lacmmli 
[IG] and transferred 10 a nitroccllulosc mcmbranc (Schlcichcr & 
Schucll, BAS 45) prior IO dclcctiun. lmmunodctcction and aflinode- 
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tcction. using the ConAipcroxidasc method, were cerricd OUI as prcvi- 
ously dcscribcd [ 17, I E]. 
2.3. High-prcwtrc jkcitig. _fkw sdurir~r/iutr mrd itirftifrrrolrtbclit~~ 
Sycamore cells were frozen in a Balzcrs HPM 010 high-prcssurc 
licczing app:tratus as described in [19]. The samples were freczc-sub- 
stitutcd in acetone containinc _ 2% (w/v) osmium tetrosidc at -8O’C for 
2.5 days. then gradually warmed up IO room tcmpcrature and cmbed- 
ded in Epon (Electron microscopy Sciences). 
Aticr quenching with 5% non-fal-dried milk in IO mhl sodium 
phosphate buffer. pH i.2. containing 0.5 M N&I. 0.1% Twccn 30 
(PBSTI). thin sections were incubated overnight with the anti-xylose 
serum djlutcd I: IO in PBST I. Aficr several washes in IO m&4 sodium 
phosphate buffer. pH 7.1. containing 0.5 M NaCI, 0.5% Twccn 20 
(PBSTS). grids were incubn:ed for 30 min in !hc presence of protein 
A-gold conjugate (PAGIO. Bio Cell) diluted I:50 in PBSTI. Artcr 
incubations. sections wcrc stream washed with PBSTS. rinsed in distil- 
Icd water and dried. Eventually. sections wcrc stained with uranyl 
acetate and lead citrate. before being observed with a Phillips CM IO 
or a Zeiss EM 109 electron microscope. 
3. RESULTS AND DISCUSSION 
3. I. Ciutructerizatiott of u syfose-specijic cttttisetwtt 
A major limitation in the use of lectins or glycan- 
specific antibodies to study the distribution of glycopro- 
tein oligosaccharides in the different Golgi cisternae of 
plant cells is that the Golgi apparatus in plants not only 
matures glycoprotein glycans, but in addition synthesi- 
zes complex polysaccharides found in cell walls, such as 
a 1-6 D 
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Fig. I. Structures oT the complex oligosacchnridcs N-linked IO some 
glycoprotcins used in the present study. (A) Typical Wlinkcd complex 
oligosaccharidc found in a number ol plant jccrctcd glycoprotcins. 
Epitopc or xylosc-spccilic antibodies is surrounded with a solid lint. 
(B. C) NJinkcd complex-type glycans from pincapplc stem brornclain 
(201 and from phospholipasc A2 [22], rcspcctivcly. 
pectins and xyloglucans [20]. Consequently, lectins and 
carbohydrate-specific antibodies used as markers of 
Golgi subcompartments in plant cells may react not 
only with glycoprotein glycans, but also with precursors 
of cell wall polymers. 
Xylose-specilic antibodies used in the present study 
were purified from an immune serum obtained by im- 
munizing a rabbit with native fl-fructosidase from car- 
rot ccl1 wall [9,10]. It has been previously shown that the 
anti-glycan antibodies in this immune serum bind pri- 
marily to the xylose PI+2 linked to the P-linked man- 
nose of the core in the complex-type oligosaccharide of 
carrot cell wall /I-fructosidase. This glycoprotcin has a 
complex glycan that is identical to an oligosaccharide 
structure commonly found in plant glycoproteins [I] 
and recently described for phytohemagglutinin A 
(PHA) ([2l], Sturm, unpublished result). Antibodies 
specific for plant complex glycans have been purified on 
a PHA- Sepharose 4B column [9] whereas we used a 
phospholipase A2-Sepharose 4B column to isolate 
xylose-specific antibodies from this glycan-specific anti- 
body fraction containing a minor amount of L-fucose- 
specific antibody. Phospholipase A2, a glycoprotein 
from honeybee venom, has a glycan with al +3 and/or 
al+6 linked fucose residue(s), but no xylose as shown 
on Fig. IC [32]. Fucose-specific antibodies retained on 
the phospholipase A?-Sepbarose 4B column are able to 
bind phospholipase A2 glycan or pineapple stem bro- 
rnelain glycan on a blot (Fig. 2, right panel) whereas 
xylose- specific antibodies, unretained on this column, 
bind bromelain but do not detect phospholipase A2 on 
12341234 1234 
CRUDE UNRETAINED RETAINED 
Fig. 2. Immunodctcction with purified and unpuriticd xylose-specific 
imtibodics. Phospholipasc A2 (PA2) (double arrowhcdd on lunc I). 
proteins from suspcnsion.culturcd sycamore cells (lanes 2 and 3) and 
pincapplc stem bromclain (arrowhead on lane 4) wcrc scpamtcd with 
SDS-PAGE and analyzed on blots with antibodies specific for plant 
complex &cans. The antibodies used for immunodctcction wcrc puri- 
ficd from an imrnunc strum specific for the compicx glycan of carrot 
cell wall PJructosidrtsc. Antibodies rctaincd rrom ~hc immune strum 
on a PHA-Scpharosc column wcrc used directly for inununoblotting 
(CRUDE) or rurthcr purilicd on a PAZ-Scpharosc column. Aniibod- 
its that bound or did not bind immobilized PA2 wcrc used Ior inunu- 
nodctcction on psncls (RETAINED) and (UNRETAINED), rcspcc- 
lively. 
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a blot (Fig. 2, middle panel). Mild periodate oxidation 
of these glycoprotein glycans on blots completely abol- 
ished subsequent immunodetection with these antibod- 
ies (result not shown) [18]. 
Hemicelluloses and pectic polysaccharides are syn- 
thesized in the Golgi apparatus. In dicots, the most 
abundant hemicellulose is xyloglucan, a polysaccharide 
consisting of a backbone of pl+4-linked glucose resi- 
dues and short sidechains containing xylose, fucose and 
galactose. The dot blot experiment presented in Fig. 3 
shows that our xylose-specific antiserum does not cross- 
react with xyloglucan. polygalacturonic acid or rham- 
nogalacturonan. These results indicate that the antibod- 
ies used in the present study are specific for xylose 
C/31+2) linked to the ,&mannose in plant glycoprotein 
complex glycans but do not react with cell wall polysac- 
charides, particularly with xylose residues constitutive 
of xyloglucans. 
for a single protein in transit in this organelle. However, 
before going further into the indirect localization of 
xylosyltransferase, we tried to evaluate the level of ac- 
tivity of this enzyme on its endogenous ubstrates in 
sycamore cells. 
3.2. GIJ-coproreim will1 .y~lose ill rlteir glycam are ubutr- 
drrrl ill q’caiitore cdl ctrlturcs 
Successful labeling of plant dictyosomes with anti- 
bodies specific for proteins en route for other compart- 
ments was described almost exclusively in tissues specia- 
lized in the storage of proteins in their vacuoles (see [23] 
for illustration). The glycan-specific immunoprobe used 
in the present study has, potentially, a larger number of 
targets in the Golgi apparatus than antibodies specific 
Vacuolar and extracellular proteins, divided into cul- 
ture medium and cell wall proteins, were purified from 
suspension cultured sycamore cells [14,15]. These 2 
abundant protein populations arc transported via the 
Golgi apparatus from the RER to their final ocaliza- 
tion [24]. Proteins, obtained from extracellular com- 
partments or solubilized from purified vacuoles, were 
fractionated by SDS-PAGE and electroblotted onto ni- 
trocellulose paper. The affino- and immunodetection 
data presented on Fig. 4 indicate that most vacuolar or 
extracellular proteins in suspension cultured sycamore 
cells are glycoproteins. These glycoproteins have high- 
mannose- (affinodetection with ConA) and/or complex- 
type glycans containing xylose residues (immunodetec- 
tion). 
3.3. I~~u~arr~olocaliraiiort of xylose cor~taitlirig glycopro- 
Icitu 
A preliminary condition for immunolocalization of 
glycoproteins with xylose-containing complex glycans 
was to obtain a good ultrastructural preservation of 
sycamore cells. The use of high-pressure freezing in con- 
junction with freeze substitution resulted in a very good 
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Fig. 3. Xylosc-specific antibodies do not cross-react with cell wall 
constitutivc polysaccharidcs. Dat blots were rcalizcd by applying onto 
nitroccllulosc (from left to right) 5, I, 0.2 and 0.04~6 ofpincapplc slcm 
bromclain (Brom), polygtlacturonic acid (PGA), arabinogalnctans 
from larch wood (AG), cerboxymclhylccllulosc (CMC) and pectins 
from orange (OP) and citrus (CP). Antisera used ror immunodctcction 
urc specific for hcmiccllulosc (itnti-XG). pectins (anti-PGA) and Xyl- 
conlsining con~plcx glycans (anli-vylosc), 49 500, 32 500. 27 500 and I8 500. 
Fig. 4. Affino- and immunodctcction and glycoprotcins with oligo- 
mannosc and/or xylosc containing complex glycans in suspension cul- 
turcd sycamore cells. Proteins from protoplasts (I). culture medium 
(2) and cell walls (3) wcrc scparatcd with SDS-PAGE and cithcr 
st;lincd on the gel with Coomassic blue (PROT STAIN) or transkrrcd 
on blots stained For glycoprotcins with high-Man- (HIGH MAN- 
NOSE) or complex- (XY LOSE) ~ypc glycans. The amounts orculture 
medium end cell wall proteins loaded on gels used Tar blotting have 
been divided by 3 and by 30. respcclivcly. compared IO protein 
amoums loaded on the gel stained for proteins. The same amount oT 
protuplast proteins has been loaded for mch dctcction. Molecular 
weight standards (MW) arc. rrom rop to bottom, 106 000. 80 000. 
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Fig. 5. Ultrastructurc of a Golgi stack in high-pressure frozen!frcczc-substi:utcd sycamore cells. cis. cis Golgi; med. medial Go!;i; trans, II’CI,U Go@; 
TGN, trans Golgi network. Scale bar = 0.3 ,um. 
preservation of subcellular structures, particularly of 
the differences in the morphology between Golgi cister- 
nae within individual Golgi stacks. They are designated 
as cis, medial and mm Golgi cisternae and the wutts 
Golgi network (TGN) on Fig. 5. 
It is generally admitted that secreted proteins of both 
plant and animal cells are synthesized in the RER and 
then are transported to the cis face of the Golgi appara- 
tus. After vesicle-mediated transport through the differ- 
ent Golgi cisternae, secretory proteins are delivered to 
their final subcellular location. Many plant secreted 
proteins are co-translationally Wglycosylated and their 
glycans are modified during their intracellular transport 
under the action of at least a dozen glycosidases and 
glycosyltransferases. Higher plants appear to have 
many of the glycan processing enzymes that are found 
in animal cells in addition to at least one unique xylosyl- 
transferase [I ,6,24]. We have focused our interest on the 
later glycosyltransferase which has never been described 
in vertebrates is]. 
As illustrated in Fig. 6 most of the anti-xylose gold 
labeling is concentrated in the cell wall while immunola- 
beling in the vacuole is very low. This ,result is highly 
consistent with the high concentration of glycoproteins 
in the extracellular compartment of sycamore cells as 
shown in Fig. 4. In contrast, blotting and immunogold 
localization results are consistent with the conclusion 
that glycoproteins are highly diluted in sycamore cell 
vacuolar sap. 
Looking upstream in the secretory pathway, we have 
used the results obtained from immunolabeling detec- 
tion of xylose-containing glycoproteins as an indirect 
approach to determine the subcellular localization of 
xylosyltransferase. Consistent with results obtained 
from subcellular fractionation [25], the immunolabeling 
of its products shows that xylosyltransferase in syca- 
more cells is present and/or biologically active in the 
Golgi apparatus but not in the RER (Fig. 6). The 
xylose- specific immunolabeling through the Golgi com- 
partments appears early in the cis compartment, but 
gold particles are more concentrated over the medial 
and trum Golgi cisternae and the TGN. To confirm 
these qualitative observations, we have quantified the 
distribution of anti-xylose label by counting the gold 
particles in the different Golgi compartments. Of 50 
Goigi slacks scored in this experiment, 9.5% of 6” --Id 
particles were observed in the cis cisternae, while as 
much as 41, 29.5 and 20% of the labeling was con- 
centrated, respectively, in the medial and mtts cisternae 
and TGN. A statistical analysis of our data has shown 
these results to be significantly different from a uniform 
distribution of the gold particles over the Golgi stacks. 
Fig. 6. Immunogold-localization of glycoprotcins with xy!osc containing oligosaccharide sidcchains in high-pressure frozcn/freczc-substituted 
cultured sycamore cells (A, B and C) alicr trcatmcnt with xylosc-specific antibodies followed by protein A-gold conjugate (IO nm). The specificity 
ofthc rcaclion is dcmonstratcd by the lack of gold particles in the control section (D) incubated with prc-immune rabbit strum prior to trcatmcnt 
wilh protein A-gold. cw, cell wull; cr, cndoplasmic reticulum; mvb, muhivcsiculnr body; v, vacuole; m, mitochondria; sp, amyloplasl. Scale bars 
arc 0.3 ,unl for A, B and C and 0.4 pm for D. 
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In this study, we demonstrate that x.ylosylation of 
plant complex N-linked glycans is an early processing 
event initiated in the cis Golgi cisternae and completed 
in the medial-furs cisternae and possibly, in the TGN. 
The immunochemical detection of increasing amounts 
of xylosyltransferase products from cis to medial Golgi 
compartment is considered as evidence for a diffuse 
distribution of this transferase throughout sycamore 
cell Golgi stacks. Consistent with these data, a possible 
scheme for N-linked complex glycan biosynthesis in 
plant cells is that the addition of xylose residues is in- 
itiated in cis-citernae on the high-mannose-type struc- 
ture Man,_,GIcNAc,. This xylosylation is completed in 
the other Golgi compartments. Fucosylation of these 
complex glycans occurring in the same compartments 
rapidly after, or in parallel with xylosylation (Lame et 
al.. unpublished result) would explain the abundance of 
ManjFucrXyl,GlcNAc, oligosaccharide sidechains in 
plant glycoproteins [I]. 
Previous investigations, using density gradient centri- 
fugation methods. were also unsuccessful in an attempt 
to demonstrate a subcompartmentation of glycan-pro- 
cessing enzymes in the Golgi cisternac of sycamore cells 
or bean cotyledons [2,8]. Thus. in plant cells, the se- 
quential nature of complex glycan biosynthesis (at least 
for xylosylation) is probably under the control of sub- 
strate- specificity or accessibility more than under the 
dependence of a strict compartmentation of glycosyl- 
transferases. This may also be the case in some animal 
cells, which are able to build complex glycans, when 
terminal glycosyltransferases have either a diffuse dis- 
tribution throughout the Golgi stacks ]25-271, or after 
their redistribution from the different Golgi cisternae 
into the RER in the presence of brefeldin A [28,29]. 
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